lasting up to 25 minutes in rats that were ventilated as soon as they showed respiratory abnormalities. 45, 46 Thus, in this study we examined the floor of the fourth ventricle by using scanning electron microscopy and light microscopy in a new series of rats to discern whether anatomical lesions occurred near the medullary respiratory complex after cortical impact, which could account for apnea observed immediately following cortical injury.
Materials and Methods

Presurgical and Surgical Preparation of Animals
All experiments were approved by the Louisiana State University Animal Use Committee. We used 27 male Sprague-Dawley rats, each weighing between 300 and 400 g, in this study. Six animals were used as controls, in which the ependymal surface of the fourth ventricular floor served as a normal specimen. Of the 21 experimental rats, 13 received a piston impact injury that depressed the dura 4 mm, five rats received a 2-mm dural depression, and three rats a 1-mm injury.
The animals received no food or water overnight and were initially anesthetized in a vented anesthesia chamber with a mixture of isoflurane (1.5%) in a nitrogen/oxygen (5:1) mixture. 6, 7, 45, 46 Each animal was placed into a stereotactic frame. Using an aseptic technique, a midline scalp incision exposed the skull for a right-sided 5 ϫ 9-mm craniectomy. The craniectomy was placed 1 mm lateral to the midline and extended 4.5 cm anterior and posterior to the bregma (Fig. 1) . The craniectomy encompassed the forelimb and hindlimb sensorimotor cortex. 6, 18, 24 The dura mater remained intact. The control rats were prepared in an identical manner but were not subjected to impact. After surgical preparation, each anesthetized experimental rat, while still in the stereotaxic frame, was placed under the piston impactor. The rat received an impact injury that depressed the dura 1, 2, or 4 mm (Fig. 1) . If apnea occurred following injury, the animal was immediately given respiratory support and its ability to breathe spontaneously was tested every 20 to 30 seconds until the time of its death. Within minutes of impact, each animal was deeply anesthetized with sodium pentobarbital (Nembutal, 50 mg/kg administered intraperitoneally) and killed via a thoracotomy and cardiotomy. Each rat brain was perfused at a pressure of 120 mm Hg with a vascular prewash composed of 0.1 M cacodylate buffer containing 0.1 M sucrose and 0.1% procaine hydrochloride, pH 7.3 to 7.4, followed by administration of 3% biological grade glutaraldehyde in 0.1 M cacodylate buffer with 0.1 M sucrose, pH 7.3. The calvariae were completely excised, and the severed heads were immersed overnight in 3% purified glutaraldehyde in 0.1 M cacodylate buffer with 0.1 M sucrose, pH 7.3, at 4˚C. With the aid of magnifying loupes, the cerebellum was removed and the brainstem was transected at the level of the inferior colliculi. Each brainstem was carefully dissected out of the skull base without distortion and immersed in fresh 0.1 M cacodylate buffer, pH 7.3. Afterward, the choroid plexus was removed using a dissecting microscope and microdissecting instruments. The floors of the ventricles were never touched during these manipulations. The brainstems were washed for an additional 24 hours in multiple changes of 0.1 M cacodylate buffer. All remaining telae and other debris were carefully removed prior to tissue preparation for electron microscopy.
Scanning Electron Microscopy
Each brainstem was postfixed with 2% osmium tetroxide in 0.1 M cacodylate buffer for 2 hours at room temperature, dehydrated through a graded series of ethyl alcohol, and dried to critical point. The dried specimens were mounted on aluminum stubs, coated with a thin layer of gold-palladium in a sputter coater, and examined using a scanning electron microscope set at 20 kV.
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Light Microscopy
Light microscopy was used to ascertain the depth and configuration of the fourth ventricular lesions associated with immediate and permanent postinjury apnea in two rats. The rat medullae were dissected after glutaraldehyde fixation and osmium tetroxide postfixation. This tissue was dehydrated through a graded series of ethyl alcohol into propylene oxide, embedded in plastic, and cut on an ultramicrotome with a diamond knife into 200-mm-thick sections. Sections were mounted on glass slides and stained with aqueous 1% toluidine blue for light microscopy performed with a photomicroscope.
Sources of Supplies and Equipment
The 3% glutaraldehyde was purchased from Electron Microscopy Sciences, Fort Washington, PA. Brainstem specimens were dried using the Samdri 790 apparatus, obtained from Tousimis Research Corp., Rockville, MD. The sputter coater (Hummer VII) was manufactured by Anatech Ltd., Springfield, VA. The ultramicrotome was originally purchased from Reichert-Jung but is now available from Leica Instruments, Deerfield, IL. The photomicroscope was obtained from Nikon, Inc., Melville, NY. The JEOL T-300 scanning electron microscope was obtained from JEOL USA, Inc., in Peabody, MA.
Results
Control Animals
Our control studies confirmed the earlier work of Singh and colleagues, 44 who noted that the rat's fourth ventricle is characterized by five ependymal zones, each with a distinct ependymal cell surface architecture (Fig. 2) . These topographic features helped us to localize the posttraumatic defects in a particular area of the ventricular floor. 3 Structural defects were found in Zones 1, 2, and 3, and thus, only these ependymal areas will be shown. The most caudal and medial zone is Zone 1, which lies adjacent to the median sulcus; rostral to the obex; and rostral to, yet continuous with, the area postrema. Medially, cells of the ependymal surface of Zone 1 have a rather sparse, central tuft of cilia with numerous microvilli (Fig. 3A) , whereas more laterally, the topographic feature of these cells is a dense population of cilia over their entire luminal surface (Fig. 3B) Zone 2 have fewer cilia and microvilli but have pitlike holes most commonly localized in the intercellular junctions (Fig. 4) . Zone 3, with dense cilia on its ependymal cell luminal surface (Fig. 5A) , extends from the region of the cerebral aqueduct in the midline to the more caudal and posterior border of the fourth ventricular floor, where it lies lateral to Zone 2 ( Fig. 2 ). The population of cilia in the more lateral and caudal portions of Zone 3 is greatly reduced, with the ependymal cells having very dense populations of microvilli (Fig. 5B) .
No fissuring of the fourth ventricular floor was demonstrated in any control animal.
Brain-Injured Animals
Dural Impact Depths to 1 or 2 mm. Cortical impacts depressing the dura 1 mm (three animals) or 2 mm (five animals) caused local sensorimotor contusions but no significant respiratory changes. Scanning electron microscopy of the fourth ventricles revealed no evidence of any disruption of the ependymal floor, but scattered red blood cells were occasionally found on the ventricular floor.
Dural Impact Depths to 4 mm. In all 13 rats subjected to 4-mm-deep dural impact, the brain herniated out of the craniectomy site, and the right cerebral hemisphere and striatum were distorted. The left cerebral hemisphere, cerebellum, and brainstem appeared grossly normal. The ventricles and basilar cisterns were filled with blood. On dissection and removal from the cranial vault, no rat brain exhibited any intramedullary hemorrhage visible at 3.5 ϫ magnification. Ten of the 13 rats in this experimental group exhibited either transient or permanent apnea. Four did not breathe for 15 seconds to 2 minutes after piston impact, and in six others respiration never resumed. Scanning electron microscopy of the fourth ventricular floor was performed on specimens obtained in nine of these 13 rats. The medullae from two rats were examined by scanning electron microscopy over their lateral and ventral surfaces for any lacerations or fissuring, whereas the medullae from two other rats that were immediately and permanently apneic after impact were embedded and sectioned for light microscopy.
Scanning electron microscopy of the fourth ventricle floors of five rats that exhibited no or only transient apnea had rostral and/or lateral tears (Fig. 6 ). Four animals with permanent apnea had one or more longitudinal tears in the medial caudal floor (ependymal Zones 1 and 2) as well as in the median sulcus (Figs. 7-9 ). Scanning electron microscopy of these caudal tears showed that the underlying medullary neuropil was exposed (Figs. 7-9 ). Light microscopy showed the caudal fourth ventricle fissures to be oblique, medial-to-lateral tears into the subjacent medullary core with possible disruptions of interneural connections of adjacent reticular fields (Fig. 10) . The locations of the tears in rats exhibiting both temporary and permanent apnea are summarized in Fig. 11 .
Scanning electron microscopy of the lateral and ventral brainstems of two rats revealed surface hemorrhage but no evidence of tears (Fig. 12) . 
Discussion
The etiology of cardiorespiratory effects following traumatic brain injury has been studied for more than 100 years. For instance, Duret 11 noted the occurrence of petechial hemorrhages around the cerebral aqueduct and the floor of the fourth ventricle in cases of injury that displaced the cerebral cortex. He proposed that injuries that deform the cranial vault and brain precipitated a forced flow of cerebrospinal fluid (CSF) through the cerebral aqueduct into the fourth ventricle, which impacts its floor and causes punctate hemorrhages on the ventricular floor as well as within the medulla. He noted that the force of such a surge could even tear the arachnoid about the foramen of Magendie. This hydrodynamic effect was referred to a "cerebral-spinal shock" and was associated with respiratory irregularities or apnea.
Extensive white matter degeneration of nerve fibers, as a result of shear stress from head injury, has been seen within the cerebral hemispheres and brainstem in humans. 47 An earlier study of experimental brain injury demonstrated a progressive chromatolysis of neurons 24 hours after brain injury, accompanied by varying amounts of axonal swelling especially in the caudal medulla and cervical spinal cord. 48 Bakay, et al., 4 studied the brainstem by using electron microscopy following experimental brain injury and reported that within 1 hour of injury swollen mitochondria and hypertrophied extracellular spaces occurred in the medulla and in the upper spinal cord. Six hours after injury, the myelin sheaths of axons had a "ruffled" appearance suggestive of structural alterations. Subsequent studies of brainstem effects associated with head injury have been found to include macrohemorrhages, ischemic necrosis, and chromatolysis in reticular neurons of the medulla as well as scattered neuronal and axonal damage in other areas of the brainstem. 8-10,12-17, 20-27,42,43 Earlier studies have offered the hypothesis that brainstem axonal damage occurs from immediate shear forces caused by brainstem distortion associated with brain injury. 5, 8, [14] [15] [16] 26, 27, 47 More recent studies suggest, instead, that following brain injury, axoplasmic transport in brainstem axons is impaired by neurilemmal infolding and neurofil-
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Cortical impact injury with fourth ventricle tears and respiratory arrest (Fig. 3B) to one of fewer cilia and microvilli. A: Note the presence of a central tuft of cilia resembling the pattern found in the medial portion of Zone 1 (Fig. 3A) ; however, the density is noticeably less. B: Pitlike holes (white arrows) also characterize the ependymal surface, which is unique to this particular Zone. Bar approximates 5 M.
FIG. 5.
Scanning electron micrographs demonstrating the ependymal cell surface lining the fourth ventricular floor in Zone 3 in a control rat. The surface morphology varies dramatically from rostral (anterior) to caudal (posterior). A: In the anterior two-thirds of this zone, the ependyma has a uniformly dense population of cilia over the ventricular surface that is much greater than that seen in the lateral portion of Zone 1 (Fig. 3B) . B: More posteriorly, the population of cilia is diminished to virtually one or two cilia per cell; however, a very dense population of microvilli, almost brushlike in appearance, is evident. Bar approximates 5 M.
ament changes consequent to injury. Proximal axoplasmic flow buildup then bursts the axons proximal to the neurilemmal damage approximately 6 hours postinjury. [30] [31] [32] [33] [34] [35] [36] [37] 49 Although it could be argued that neurilemmal or other axonal changes occurring immediately with injury make the axon immediately dysfunctional, a process that takes 6 hours to evolve fully does not readily explain a hallmark of severe head injury: immediate respiratory dysfunction or apnea.
In the present study, the animals were killed within minutes of sustaining brain injury. The experimental animals receiving the 1-and 2-mm-deep impacts did not manifest any respiratory abnormalities and exhibited no damage to the fourth ventricular floor. Ten of the 13 rats injured by a dural impact depression of 4 mm demonstrated either transient or permanent apnea, and all nine rats examined by scanning electron microscopy exhibited tears in the floor of the fourth ventricle either rostrally or caudally. Rostral or anterior tears were associated with no or only transient apnea, whereas rats that had posterior tears near the area postrema or near the obex had permanent apnea.
In the rat medulla, a dorsal group of respiratory neurons is located subjacent to the floor of the fourth ventricle near the obex and would be susceptible to damage by the tears demonstrated in this study. Saether and associates 38 reported that these neurons are largely (75%) inspiratory and are located within 2 mm of the opening of the central canal of the spinal cord at the obex. They lie from 0.5 to 2 mm below the surface of the ventricular floor 28, 29 in Zones 1 and 2. Mild interference with these inspiratory neurons or their circuits, caused by anteriorly placed fourth ventricular floor tears, might have been responsible for the transient respiratory irregularities observed in our rats, whereas more severe disturbances or frank disruption of the respiratory neuronal mass near the obex caused by the caudal tears could have resulted in the permanent apnea.
A surge of CSF from the aqueduct onto the ventricular floor, as Duret 11 proposed, would be a possible mechanism to account for the damage we observed on the fourth ventricular floor. The hydrodynamic effect of the injury appeared to be proportional to the severity of the cortical impact and the depth of cortical depression because no ventricular changes were evident when the sensorimotor dura was depressed 1 or 2 mm, whereas scanning electron microscopy revealed that all animals in which the dura was depressed 4 mm had defects in the floor of the fourth ventricle. The pattern of ventricular floor tears seen in Fig.  11 invites speculation to explain the observed distribution. Almost all tears of the ventricular floor are paramedian, in line with any jet of fluid issuing forth from the aqueduct. Such a jet would exert forces both in the direction of its flow and at right angles to this axis. A jet of fluid pouring out from the aqueduct would have its highest velocity and consequent highest disruptive shear forces near the midline. Shear forces acting to disrupt the fourth ventricular floor would decrease laterally from the axis of flow and, indeed, few tears occurred laterally. Furthermore, the tears are concentrated at the aqueduct-fourth ventricle junction and at the obex. A CSF fluid jet exiting the aqueduct would have its highest velocity and generate its largest shear stresses where the aqueduct joins the fourth ventricle. Distal to this, in the wider midventricular region, the fluid jet would slow, decreasing associated shear stresses. Finally, as the jet is funneled into the narrow exit of the foramen of Magendie near the obex, its velocity and shear forces would again increase. Such a high-low-high veloc- Note the rostral-to-caudal tear (small white arrows) extending from the aqueduct, which crosses the median sulcus (arrowheads) but does not approach the area postrema. Note further a tear in the lateral portion of Zone 3 (black arrow), a distance from the more caudally located tears that characterize rats with permanent apnea (Figs. 7-9 ). Original magnification ϫ 81. B: Slightly higher magnification of the ventricular floor obtained in an animal that exhibited 12 seconds of apnea. A paramedian tear can be seen extending from the region of the cerebral aqueduct caudally into the fourth ventricle (white arrows). Original magnification ϫ 124. C: Large tear in the rostral floor of the fourth ventricle in an animal that experienced no apnea after impact. Note the medial location of the tear rostrally (large arrows), which comes out of the aqueduct and curves laterally into Zone 3 (small arrows). Original magnification ϫ 102.
ity CSF jet pattern, with its consequent high-low-high shear stress forces placed on the fourth ventricular floor, may explain the preferential tearing pattern found at the aqueduct and the obex.
The piston impact injury model we used is not a closed head injury, but it somewhat resembles a missile injury capable of displacing the entire brain caudally and that any axonal neurofilament injury or shearing observed could be the result of such brainstem displacement alone. The large amount of basilar hemorrhage present in rats that sustained a 4-mm-deep impact injury made it difficult to clear the ventral medulla for scanning electron microscopy study. In the two animals studied, however, the ventral and lateral medullary surfaces showed no cracks or tears. If in severely injured rats, brain damage occurred solely from a rostral-caudal displacement of the medulla, one might expect evidence of surface damage from such stress to be more evenly distributed over the surface of the brainstem. In this study, however, the floor of the fourth ventricle appeared preferentially damaged, possibly reflecting an increased CSF flow or a transmitted pressure surge that tore the floor primarily near the midline either anteriorly near the aqueduct or posteriorly near the obex. The present findings do not discount posttraumatic neurofilament damage or axonal shearing within the brainstem. In fact, our light microscopy study confirms the possibility of such an occurrence.
Conclusions
This study demonstrates that, with severe brain injury, tears occur both anteriorly near the aqueduct and posteriorly near the obex in the floor of the fourth ventricle. A CSF jet or pressure wave moving down the aqueduct might cause these tears. The posterior or caudal tears are located near respiratory nuclei, which may well explain not only the occurrence of immediate posttraumatic apnea but why it may be irreversible in some instances. These studies do not duplicate a human closed head injury or a penetrating brain wound but do suggest that it may be worthwhile to evaluate the fourth ventricular floor near the obex in people who die abruptly following either a closed head injury or a missle wound to the brain that is not massive or located near the brainstem. 
